Visual stimuli that isolate pupil color and pupil grating responses in human vision have been used to investigate the properties of stimulus-specific pupil responses in the rhesus monkey. We measured and compared pupil responses to light flux increments, isoluminant chromatic stimuli, and gratings of equal and lower space-averaged luminance. The parameters investigated were luminance contrast and chromatic saturation. The results demonstrate clearly the existence of pupil color, pupil grating and pupil light reflex responses in the rhesus monkey. Comparison of pupil color and pupil grating responses of equivalent amplitude reveals similar onset response latencies. However, both are approximately 40 ms longer than the corresponding pupil light reflex latency. In general these pupil responses are qualitatively similar to those observed in humans. However, when compared to equivalent human data, pupil onset response latencies are some 80 -100 ms shorter and the pupil shows more rapid recovery from constriction.
Introduction
Much of our knowledge about the afferent pathways involved in the control of the pupil in man comes from anatomical and electrophysiological studies in primates [1] . Based on numerous animal studies, the pathway mediating the pupillary light reflex in response to luminance changes has been associated with a subcortical projection through the pretectum, specifically the pretectal olivary nucleus, to the Edinger-Westphal nucleus [2 -5] . This is consistent with clinical observations suggesting that the pupils continue to respond normally to sudden changes in room illumination even when patients are cortically blind [6] . However, in man, the response of the pupil to visual stimuli is not solely determined by changes in the light flux level on the retina, since systematic pupil responses to checkerboard patterns [7, 8] , grating stimuli [9, 10] , isoluminant chromatic exchanges [11] [12] [13] [14] and the onset of coherent motion [15, 16] have also been demonstrated. These stimulus specific responses are either totally absent or reduced significantly in patients with damaged primary visual cortex or with localized cortical lesions that result in specific loss of color vision [17] . When small test stimuli are employed, abnormal pupil light reflex responses have also been demonstrated in patients with post-geniculate lesions [18] [19] [20] [21] [22] . Thus visual signals that regulate the control of the pupil response in man may not be limited entirely to subcortical projections and some may arise indirectly from the visual cortex [23] . However, this viewpoint has been discussed critically by others [1] . To date, investigations of pupil responses in primates have been mostly concerned with the study of the pupil light reflex response and have employed visual stimuli that produced either increments or decrements in light flux level on the retina [2, 5] .
The purpose of this study is to measure pupil light reflex, pupil color and pupil grating responses in the rhesus monkey and to compare the properties of these responses with those observed in human subjects. Previous studies in rhesus monkeys have indicated that they are trichromats with color vision very similar to humans [24] . 
Methods

Subjects
Pupil responses were measured in two alert, trained rhesus monkeys (Macaca mulatta). All experimental procedures were approved by the UAB Institutional Animal Care and Use Committee and complied with the USPHS Policy on Humane Care and Use of Laboratory Animals [25] . Similar pupil response data were obtained in two visually normal human subjects. One of these subjects was 19 years old and the other 43. Pupil color response data obtained in four other normal human subjects were also used for comparison. All experimental procedures in humans were approved by the University of Rochester IRB.
Apparatus and methods
A modified version of the P -SCAN system [26] was used for the generation of the visual stimuli and for the measurement of pupil size at a sample rate of 50Hz. The system includes programs for automatic calibration of the (x, y)-chromaticity co-ordinates and the luminance versus applied voltage relationship of each phosphor. The experimental programs use standard colorimetric transformations [27] that make use of the display calibration data to generate any specified luminance, chromaticity triplet that lies within the gamut and luminance range imposed by the phosphors of the display. Examples of the stimuli employed in this study are shown in Fig. 1 . Random spatiotemporal modulation of the immediate background field was employed when using isoluminant colored stimuli so as to isolate the use of chromatic signals [28] . Studies have shown that the use of such spatiotemporal background modulation techniques makes small luminance contrast components or rod contrast signals ineffective when isoluminant chromatic stimuli are presented to the eye. The stimulus was always presented in the center of a uniform, rectangular background field of luminance 24 cd/m 2 and angular subtense 26× 21 o . In addition, for testing the effectiveness of a change of chromaticity at isoluminance, an array of square checks covered a central disc area of 7 o radius ( Fig. 1(a) ). The luminance of each check was selected randomly within a range specified as a percentage of background luminance. This parameter determines the amplitude of random luminance modulation (RLM). The average luminance over the pattern remained equal to that of the background field, but the spatial distribution of check luminances changed every 50 ms so as to cause dynamic, random local contrast changes over the pattern. An RLM value of 0% corresponds to a uniform background field with no modulation (i.e. the luminance of each check remained unchanged and equal to that of the background field). The test stimuli were a change of chromaticity at isoluminance over a central disc area of 6 o radius ( Fig. 1(b, c) ). The chromatic saturation was defined as the distance between the chromaticity of the background field and that of the test stimulus on the CIE (x, y)-chromaticity chart [29] . The chromaticity of the background field was: 0.305, 0.323. The direction of chromatic displacement was specified as an angle measured anticlockwise with respect to the horizontal axis (e.g. a direction of 90 o corresponds to a line parallel to the positive direction of the vertical axis). The chromatic displacement (CD) vector between target and background chromaticity was used as a measure of chromatic saturation. Stimuli involving an increment in luminance over a central disc area of 6 o radius ( Fig. 1(d) ) were also used, as well as grating stimuli of either equal ( Fig. 1(e) ) or lower ( Fig.  1(f) ) space-averaged luminance. A lower luminance grating consists of only 'dark' bars and results in a net reduction in mean luminance.
Measurement procedure
A small, contrast-reversing disc target was presented in the center of the screen before each measurement sequence. The monkey was trained to attend to this stimulus whilst eye movements were monitored continuously using the P -SCAN system. If fixation was established within 3 s, the disc target changed to a stationary cross that remained on the screen throughout the test. The timings for the presentation of the stimulus and the measurement of the pupil response once steady fixation was established were as follows. Random luminance masking (see Fig. 1(a) ) preceded the onset of the stimulus by a period that varied randomly in the range of 2 -2.5 s and continued for 1.9 s to the end of the trial. The duration of the stimulus was usually 250 ms. Pupil measurements preceded the stimulus by 500 ms and continued throughout the trial. A juice reward was administered at the end of each measurement provided the monkey maintained accurate fixation throughout the trial. The stimuli were interleaved randomly and the traces measured for the same stimulus were stores in separate files. Pupil noise fluctuations were reduced by averaging between 16 and 48 measurements for each stimulus. On average, each session involved a maximum of 300 stimulus presentations and lasted less than 45 minutes. A pupil response analysis program was then used to detrend some of the traces and to extract the corresponding pupil response amplitude from each mean trace. A measure of pupil noise variance that is independent of slow changes (i.e. trends and steady state drifts from trace to trace during the measurement sequence) was then computed [30] . The analysis of some pupil responses involved scaling each trace for equal pupil constriction amplitude as well as adding or subtracting a constant shift so as to ensure equal pupil diameter just before the onset of constriction for each trace.
Results
The majority of the stimulus-specific pupil response tests in the two rhesus monkeys were similar to those previously carried out in human subjects [18] . We started by investigating the relationship between stimulus contrast, chromatic saturation and the corresponding pupil response amplitudes and latencies. Fig. 2(a) shows such measurements for light flux increments (see stimulus shown in Fig. 1(d) ) and for isoluminant chromatic stimuli (stimulus shown in Fig. 1(b) ). The two sets of data were shifted vertically for easier viewing. Fig. 2(b) shows the same data sets scaled mathematically to have equal response amplitudes. It can then be seen that the pupil onset response latencies are largely independent of pupil constriction amplitude. The dotted lines in Fig. 2(b) show the mean trace in each set. The mean pupil light flux and pupil color response traces measured for the two rhesus monkeys studied were then also scaled mathematically to have equal response amplitudes and are shown separately in Fig.  2(c) . The traces shown represent the mean responses for light flux increments and color (monkey Y) as shown in Fig. 2(b) . Similar traces obtained in identical experiments are also shown for monkey D in Fig. 2(c) . With this analysis, the differences in pupil onset latency for color and light flux increments become more apparent and easier to measure. The traces in Fig. 2(c) show a difference in latency of these two responses of between 40 and 50 ms.
Pupil color responses similar to those shown in Fig.  2(a) were then measured for a number of different colors and for a fixed chromatic displacement amplitude of 0.14 units. 12 different angles that specify directions towards different regions of the spectrum locus in the CIE-(x, y)-chromaticity diagram were employed. The pupil response amplitudes (i.e. the difference in pupil diameter just before the start of the constriction and the point of maximum constriction) were computed from the mean traces together with a measure of pupil noise variance. The results are shown in Fig. 3(a) together with similar data averaged over four human subjects. The broken line in Fig. 3(a) shows the rod receptor contrast generated at the onset of each isoluminant chromatic stimulus employed. Pupil responses to grating stimuli are shown in Fig. 3(b) . The top three traces show responses elicited by the onset of lower luminance gratings. When low contrasts are employed, the pupil responds by means of a small constriction as it does in human vision [31] . Rhesus monkey responses are however different in that an initial dilation is observed when the grating contrast is large, followed by a reduced constriction. The decrease in mean light flux level over the grating is proportional to grating contrast and therefore this suggests that the initial dilation that has shorter latency is the result of a light reflex component. Pupil responses to gratings of equal mean luminance are shown in the lower three traces of Fig. 3(b) . When the stimulus duration is large, a second constriction is also observed at grating offset, particularly when the grating is of low spatial frequency. These findings are similar to those observed in human vision [32] .
A comparison of human and rhesus monkey response latencies confirms previous findings in that shorter latencies and more rapid recovery from constriction is characteristic of monkey responses [33] . Fig.  3(c) shows a direct comparison of pupil light reflex responses measured in the rhesus monkey and man. The human subject was a 19 year old that exhibited large pupil responses of short latency. When scaled for equal response amplitude (see dotted traces in Fig. 3(c) , the difference in onset response latency becomes immediately apparent.
Discussion
The findings of this investigation demonstrate the existence of pupil color and pupil grating responses in the rhesus monkey that are similar to those observed in human vision [34] . The results also show that when a large uniform background field is employed so as to provide a steady state of light adaptation, pupil onset response latencies become largely independent of constriction amplitude. This relative independence becomes more apparent when the measured pupil response traces are scaled for equal response amplitude. Pupil responses to isoluminant chromatic stimuli in human subjects have been demonstrated in several previous studies [11, 12, 14] . Differences in latency have also been reported [14, 31] , but these differences have proved difficult to quantify accurately largely because of the apparent correlation between latency and pupil constriction amplitude. Pupil color responses in human vision may involve the central processing of chromatic signals since they are eliminated or reduced significantly when the subject can only make use of subcortical pathways [17] . The pupil constriction amplitude is also reduced significantly for chromatic modulation directions that correspond to the blue-yellow axis. The largest response corresponds to chromatic modulations along the red-green axis that also demonstrates the greatest threshold sensitivity (see Fig. 3(a) ). In this respect color responses measured in the rhesus monkey are somewhat different in that less variation in response amplitude is observed for different directions of chromatic displacement (see Fig. 3(a) ). The stimulus used was large and although dynamic local luminance contrast masking was employed (see Fig. 1(b, c) ), we were concerned that this technique may not be completely effective in masking rod receptor signals that may be summed over the whole of the stimulus. To test for the possible involvement of spatially pooled, rod receptor signals in the pupil color response we calculated the rod contrast generated by each chromatic stimulus employed. The data of Fig. 3 (a) show no significant correlation between either human or monkey pupil response amplitudes and the corresponding rod contrast signal. Rod generated signals are therefore not likely to contribute significantly to the observed pupil color responses. The data of Fig. 3(a) demonstrate the existence of large pupil color responses in the rhesus monkey for a range of dominant wavelengths, but they do not provide a measure of chromatic sensitivity. Additional measurements are needed to establish the relationship between chromatic saturation and pupil constriction amplitude along each direction of chromatic modulation investigated. If a linear response range can be established for some measure of suprathreshold chromatic signal strength, then the amplitude of the chromatic signal that yields a constant pupil constriction amplitude would provide a direct estimate of suprathreshold chromatic sensitivity.
The observed increased latency of pupil color and grating responses by comparison with the light reflex response are consistent with reports in humans that show virtually the same latency difference [34] . Since the pupil light reflex response is mediated largely by the afferent subcortical pathway, the approximately 40 ms increase in latency observed for gratings and chromatic stimuli may reflect the more extensive processing of structure and color information in extrastriate areas. The time course of development of information concerning the processing of color or spatial structure in extrastriate areas depends on feedforward and feedback of signals from lower and higher areas of the visual cortex. Delays of 20 -30 ms between the development of activity in V4 by comparison with V1 have been reported [35, 36] . If a build up of information concerning the processing of stimulus structure and color in extrastriate areas is needed before such signals can modulate the efferent subcortical pathway to the iris musculature, the observed delay difference of 40 ms does not seem unreasonable.
Another interesting observation concerns the pupil onset response latencies in the rhesus monkey that are some 80-100 ms shorter than the corresponding human responses. A significant component of the large difference in latency and more rapid redilation of the rhesus pupil may result from differences between the pupil plant of the rhesus monkey and humans. For example, the dilator muscle of the rhesus monkey may participate more vigorously in the pupillary light reflex by actively relaxing during the constriction phase and constricting during the redilation phase. This could be mediated by sympathetic innervation of the dilator muscle or alternatively by cholinergic action either postsynaptically on the muscle fibers [37, 38] or presynaptically on the sympathetic, adrenergic endings within the muscle [39] . In addition, the shorter pathways that mediate pupil responses in the rhesus monkey may also contribute to the shortening of the observed onset response latencies. In summary both monkeys demonstrated pupil color and grating responses similar to those observed in human vision. More work is needed to be able to relate the pupil response amplitude to suprathreshold chromatic stimuli to measures of chromatic sensitivity. Both pupil grating and pupil color responses show an increased latency of some 40 ms when compared to a pupil light reflex response. Although qualitatively similar to human responses, pupil responses in the rhesus monkey have significantly shorter onset response latencies and exhibit more rapid recovery from constriction.
